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Abstract. The process e+e− → ηpi0γ is studied in the center-of-mass energy range 1.05-2.00 GeV using
data with an integrated luminosity of 94.5 pb−1 collected by the SND detector at the VEPP-2000 e+e
collider. The e+e− → ηpi0γ cross section is measured for the first time. It is shown that the dominant
mechanism of this reaction is the transition through the ωη intermediate state. The measured cross section
of the subprocess e+e− → ωη → ηpi0γ is consistent with previous measurements in the e+e− → pi+pi−pi0η
mode. It is found, with a significance of 5.8σ, that the process e+e− → ηpi0γ is not completely described
by hadronic vector-pseudoscalar intermediate states. The cross section of this missing contribution, which
can originate from radiation processes, e. g. e+e− → a0(1450)γ, is measured. It is found to be 15–20 pb in
the wide energy range from 1.3 to 1.9 GeV.
1 Introduction
This work is devoted to study of the process
e+e− → ηpi0γ (1)
in the center-of-mass energy range
√
s = 1.05–2.00 GeV
at the experiment with the SND detector at the VEPP-
2000 e+e− collider. Previously, this process was studied
near the φ-meson resonance by the SND at VEPP-2M [1],
CMD-2 [2] and KLOE [3]. The dominant intermediate
mechanism in this energy region is the decay φ→ a0(980)γ.
Below (
√
s = 0.920–1.004 GeV) and above (
√
s = 1.03–
1.38 GeV) the φ-meson resonance the process (1) was
studied by CMD-2 in Ref. [4], where a 90% confidence-
level upper limit of about 0.1 nb was set on the cross
section. At higher energy, there is only the BESIII mea-
surement of the J/ψ → ηpi0γ decay [5]. The ηpi0 mass
spectrum in this decay is well described by an uniform
phase-space distribution. No significant signal from the
J/ψ decays to a0(980)γ and a2(1320)γ was observed.
The dominant contribution to the e+e− → ηpi0γ cross
section in the energy region under study comes from the
process e+e− → ωη with the decay ω → pi0γ. This pro-
cess was measured in the BABAR [6], CMD-3 [7] and
SND [8] experiments with the decay mode ω → pi+pi−pi0.
In these works, the measurement was performed neglect-
ing the interference between the ωη and other intermedi-
ate mechanisms (a0(980)ρ, ρ(1450)pi and φη) contributing
to the e+e− → pi+pi−pi0η reaction. The measurements ob-
tained under this assumption need additional verification,
especially in the region
√
s = 1.85–2.00 GeV, where the
e+e− → ωη cross section is almost zero (< 50 pb) com-
pared to the significant (∼ 2 nb) contribution from other
mechanisms.
In this work, the most interesting is the search for ra-
diation decays of excited vector mesons of the ρ, ω and φ
families to a0(980)γ, a2(1320)γ, and a0(1450)γ. The mea-
surement of these decays is important for understanding
the quark structure of excited vector mesons. In partic-
ular, there are indications that the excited states of the
ρ and ω mesons may contain an admixture of a vector
hybrid state [9]. The widths of the radiation decays are
sensitive to the hybrid admixture [10].
2 Detector and experiment
SND is a general-purpose non-magnetic detector [11] col-
lecting data at the VEPP-2000 e+e− collider [12]. Its main
part is a three-layer spherical electromagnetic calorimeter
ar
X
iv
:2
00
6.
05
46
5v
1 
 [h
ep
-ex
]  
9 J
un
 20
20
2 M. N. Achasov et al.: Process e+e− → ηpi0γ in the energy range √s = 1.05–2.00 GeV
consisting of 1630 NaI(Tl) crystals. The calorimeter cov-
ers a solid angle of 95% of 4pi. The energy resolution of
the calorimeter for photons is σE/E = 4.2%/
4
√
E(). The
angular resolution is about 1.5◦. Directions of charged par-
ticles are measured using a nine-layer drift chamber and
one-layer proportional chamber in a common gas volume.
The solid angle of the tracking system is 94% of 4pi. A
system of threshold aerogel Cherenkov counters located
between the tracking system and the calorimeter is used
for charged kaon identification. Outside the calorimeter, a
muon detector consisting of proportional tubes and scin-
tillation counters is placed.
Simulation of the signal and the background processes
takes into account radiative corrections [13]. The angu-
lar distribution of hard photon emitted from the initial
state is generated according to Ref. [14]. Interactions of
the particles produced in e+e− annihilation with the de-
tector materials are simulated using the GEANT4 soft-
ware [15]. The simulation takes into account variation of
experimental conditions during data taking, in particular
dead detector channels and beam-induced background. To
take into account the effect of superimposing the beam
background on the e+e− annihilation events, simulation
uses special background events recorded during data tak-
ing with a random trigger. These events are superimposed
on simulated events, leading to the appearance of addi-
tional tracks and photons in events.
The analysis presented in this work is based on data
with an integrated luminosity of 94.5 pb−1 recorded in
2010, 2011, 2012 and 2017. These data were collected
at 101 energy points in the energy region
√
s = 1.05–
2.00 GeV. Since the cross section of the process under
study is small and relatively slowly changes with energy,
the data are combined into 13 energy intervals shown in
Table 2.
In this work, the process e+e− → ηpi0γ is studied in
the five-photon final state. Therefore, it is viable to use
the process e+e− → γγ for normalization. As a result of
the normalization a part of systematic uncertainties as-
sociated with the hardware event selection and the beam
background are canceled out. Accuracy of the luminosity
measurement using the process e+e− → γγ is estimated
to be 2%.
3 Event selection
Selection of e+e− → ηpi0γ → 5γ events is performed
in two stages. At the first stage, we select events with
exactly 5 photons with energies above 20 MeV and no
charged tracks. The latter condition is ensured by requir-
ing that the number of hits in the drift chamber is less
than four. The conditions on the total energy deposition
in the calorimeter (EEMC) and the total event momentum
(PEMC) calculated using energy depositions in calorimeter
crystals are imposed:
EEMC/
√
s > 0.6, PEMC/
√
s < 0.3. (2)
To suppress cosmic-ray background, absence of a signal
from the muon system is required.
The main background process is
e+e− → ωpi0 → pi0pi0γ. (3)
A noticeable contribution to the background comes from
the QED processes
e+e− → 3γ, 4γ, 5γ. (4)
We also study background from the following reactions
with multiphoton final states:
e+e− → ηγ, e+e− → pi0γ,
e+e− → ωpi0pi0 → pi0pi0pi0γ,
e+e− → ωηpi0 → ηpi0pi0γ,
e+e− → KSKL, e+e− → KSKLpi0,
e+e− → KSKLpi0pi0. (5)
Additional photons in events with three and four photons
in the final state arise from splitting of the electromagnetic
showers, initial state radiation, and beam background.
To suppress background from the processes listed above,
a kinematic fits are performed to the hypotheses e+e− →
3γ, e+e− → 5γ, e+e− → pi0pi0γ, and e+e− → ηpi0γ with
the requirement of energy and momentum balance in an
event. For the two latter hypotheses, the additional con-
straints are imposed that the invariant masses of photon
pairs are equal to the masses of the pi0 and η mesons. As
a result of the kinematic fit, the energies and angles of
photons are refined, and the χ2 of the proposed kinematic
hypothesis is calculated. In the kinematics fits, all possible
combinations of photons are tested, and the combination
with the smallest χ2 value is retained. The following con-
ditions are applied on the obtained χ2 values
χ25γ < 30, χ
2
ηpi0γ − χ25γ < 10,
χ23γ > 50, χ
2
pi0pi0γ − χ25γ > 80. (6)
About 500 events are selected using these conditions. To
estimate the background, along with the signal region de-
termined by the conditions (6), a control region is ana-
lyzed, for which the modified condition on the χ2 differ-
ence 10 < χ2ηpi0γ − χ25γ < 60 is used.
4 Fitting the pi0γ mass and χ2ηpiγ − χ25γ
distributions
Selected events can be divided into four classes. The first
class (ωη) contains events of the process
e+e− → ωη → ηpi0γ. (7)
The second class (res-ηpiγ) contains events of the remain-
ing hadron processes with the ηpi0γ final state:
e+e− → ρη, e+e− → φη, e+e− → φpi0, (8)
e+e− → ωpi0, e+e− → ρpi0. (9)
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The third class (rad-ηpiγ) includes events from radiation
decays of excited vector mesons, i.e. the processes e+e− →
a0(980)γ, e
+e− → a0(1450)γ, and e+e− → a2(1270)γ.
The last fourth class (bkg) are background events from the
processes (3-5). The first three classes describe different
intermediate mechanisms of the process e+e− → ηpi0γ.
The numbers of events in each class are determined us-
ing a combined fit to the pi0γ invariant mass distribution
for events from the signal region (χ2ηpi0γ − χ25γ < 10) and
the χ2ηpi0γ − χ25γ distribution for events from the control
region (10 ¡χ2ηpi0γ − χ25γ < 60). The fit is performed us-
ing the maximum likelihood method. The distributions of
these parameters for all selected data events (
√
s = 1.05–
2.00 GeV) are shown in Fig. 1.
The distributions for the four classes of events used in
the fit are obtained by simulation. For the ωη class, to
take into account the imperfect simulation of the ω me-
son line shape, a mass shift ∆m and Gaussian smearing
with the dispersion ∆σ2 are introduced into the pi0γ mass
spectrum. These parameters are determined from compar-
ison of the ω meson peak position and width in data and
simulation from the range
√
s = 1.41–1.80 GeV. They are
found to be ∆m = 4.0 ± 1.6 MeV and ∆σ2 = −48 ± 48.
Since ∆σ2 agrees with zero, the pi0γ mass resolution is not
corrected.
To describe the res-ηpiγ contribution, the simulation
of the processes (8) is used. The distributions obtained
from simulation are normalized to expected number of
events and summed up. To calculate the expected number
of events, we used the cross sections for the processes (8)
measured in Refs. [16,17,18,19] and the ρ → pi0γ, φ →
pi0γ, and ηγ branching ratios [20]. The contribution of the
processes (9) estimated using Ref. [21,22] is found to be
negligibly small. The total res-ηpiγ contribution is calcu-
lated to be Nres = 19.6± 1.3.
To describe the rad-ηpiγ contribution, the simulation of
the processes e+e− → a0(1450)γ and e+e− → a2(1270)γ
is used. The distributions for these processes are summed
with the weights 1− α and α, respectively, where the co-
efficient α = 0.22 ± 0.21. The choice of the value of this
coefficient is discussed below in Sec. 5. It should be noted
that the fit results very weakly depend on the value of α.
The mpiγ and χ
2
ηpi0γ−χ25γ distributions for background
are calculated using simulation of the processes (3-5). The
distributions obtained for each process are normalized to
the expected number of events and summed up. Only the
shape of the distribution is used in the fit. The total num-
ber of background events is a free fit parameter.
The following relations between the numbers of signal
and background events in the signal and control regions
are used in the fit: Nbkg = kbkgN
C
bkg, N
C
ηpiγ = ksigNηpiγ ,
where Nηpiγ and Nbkg are the numbers of e
+e− → ηpi0γ
and background events in the signal region, respectively,
and NCηpiγ and N
C
bkg are the same numbers in the control
region. The coefficients ksig and kbkg are calculated using
simulation in each of the 13 energy intervals. The uncer-
tainty of kbkg is estimated by varying the cross sections
of the background processes (3-5) within their errors. The
value of this coefficient averaged over the energy range
√
s = 1.05–2.00 GeV is kbkg = 0.53 ± 0.01. The coef-
ficient ksig obtained from simulation is corrected to take
into account the difference in the signal χ2ηpi0γ−χ25γ distri-
butions in the data and simulation. To do this, data from
the energy range
√
s = 1.41–1.80 GeV are used, where
the cross section of the process e+e− → ωη is maximal.
The mass spectrum of pi0γ is analyzed and the number
of data events in the ω meson peak is determined for the
signal (NdataS ) and control (N
data
C ) regions. The numbers
of simulated e+e− → ωη events in the signal (NMCS ) and
control (NMCC ) regions are also determined. The double
ratio R = (NdataC N
MC
S )/(N
data
S N
MC
C ) = 1.5 ± 0.3 is used
to correct the coefficient ksig. With this correction, this
coefficient averaged over the full energy range is ksig =
0.22± 0.04. The simulation shows that the difference be-
tween the χ2ηpi0γ − χ25γ distributions for different interme-
diate mechanisms of the process e+e− → ηpi0γ is very
small.
To evaluate the systematic uncertainty associated with
the procedure of determining the number of events in each
class, the nuisance parameters corresponding to Nres, ∆m,
∆σ2, and the coefficients ksig and kbkg are introduced into
the likelihood function with Gaussian constraints. The fit
results are represented by the solid histogram in Fig. 1
(left) for the mpiγ distributions, and by the dashed his-
togram for the χ2ηpi0γ − χ25γ distribution in Fig. 1 (right).
The latter take into account the scale factor R for the sig-
nal events described above, while the solid histogram in
Fig. 1 shows the uncorrected distribution normalized to
the number of events in the signal region. The following
numbers of events of three classes are obtained in the fit:
Nωη = 267± 20, Nrad = 101± 21,
Nbkg = 113± 10. (10)
The total contribution from the background processes (3-
5) calculated using simulation is N calcbkg = 123 and agrees
well with the fit result.
The obtained numbers of ωη and rad-ηpiγ events in 13
energy intervals are listed in Tables 2 and 4, respectively.
Table 4 also shows the distribution over the energy inter-
vals for background events and events of the class res-ηpiγ.
5 Model selection for the rad-ηpiγ event
class
As it is mentioned in the previous section, the following
three processes may contribute to the rad-ηpiγ class in the
energy range 1.05–2.00 GeV:
e+e− → a0(980)γ,
e+e− → a0(1450)γ,
e+e− → a2(1270)γ (11)
Figure 2(left) shows the the ηpi0 invariant mass (mηpi)
spectrum for selected events from the interval
√
s = 1.05–
2.00 GeV. Events from the ω meson peak (700 < mpiγ <
900 MeV) are rejected. The shaded histogram shows the
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Fig. 1. Left panel: The pi0γ invariant mass distribution for selected experimental events from the signal region χ2ηpiγ −χ25γ < 10
(points with error bars). The histograms represents the results of the fit described in the text. The distributions for the four
event classes are shown cumulatively. Right panel: The χ2ηpiγ − χ25γ distribution for selected experimental events (points with
error bars). The histograms shows cumulatively the simulated distributions for the four event classes. The distributions are
normalized to the number of events in the signal region. The dashed histogram shows the result of the fit after the correction
of the signal distribution described in the text. The vertical line separates the signal and control regions.
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Fig. 2. The ηpi0 invariant mass distribution for data (points with error bars) from the interval
√
s = 1.05–2.00 GeV. Events
from the ω meson peak (700 < mpiγ < 900 MeV) are rejected. Left panel: The shaded histogram shows the total distribution for
the background and the processes (7) and (8). The solid, dotted and dashed histograms show the total distribution for events of
all four classes, in which the distribution for the class rad-ηpiγ are calculated in the models a0(1450)γ, a2(1270)γ, and a0(980)γ,
respectively. Right panel: The contributions of the four classes of events are shown cumulatively. The distribution for the class
res-ηpiγ is obtained from the fit to the two-dimensional distribution of mpiγ versus mηpi as described in the text.
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total distribution for the background and the processes
(7) and (8). The solid, dotted and dashed histograms show
the total distribution for events of all four classes, in which
the distribution for the class rad-ηpiγ is calculated in the
models a0(1450)γ, a2(1270)γ, and a0(980)γ, respectively.
The distributions are normalized to the numbers of events
(10) found in the previous section. It is seen the observed
ηpi0 mass spectrum is best described by the model e+e− →
a0(1450)γ.
The following model is tested to describe distributions
for rad-ηpiγ events:
Prad = αPa2(1270)γ + βPa0(980)γ
+ (1− α− β)Pa0(1450)γ , (12)
where P is, for example, a two-dimensional distribution
of mpiγ versus mηpi. This simple model does not take into
account the interference between the three intermediate
mechanisms, but can be used to estimate the model un-
certainty of the efficiency for rad-ηpiγ events.
The data from the range
√
s = 1.05–2.00 GeV are fit-
ted as described in the previous section. To increase the
sensitivity to the model of the intermediate states (12), the
mpiγ distribution for the signal region is replaced by the
two-dimensional distribution of mpiγ versus mηpi. The pa-
rameters α and β are determined from the fit with the con-
straints that α, β and α+β vary from 0 to 1. The following
values of these parameters are obtained: α = 0.22 ± 0.21
and β = 0.00+0.08. The mηpi distribution obtained using
simulation with these parameters is shown in Fig. 2(right).
To evaluate the significance of the rad-ηpiγ signal, we
compare the values of likelihood function for the fit de-
scribed above (L1) and the fit with the Nrad ≡ 0 (L0).
Taking into account that the numbers of parameters in
these two fit differ by three, from the difference −2(lnL0−
lnL1) = 42.3, we obtain that the significance of the ob-
served rad-ηpiγ signal (including the systematic uncer-
tainty) is 5.8 σ.
6 Detection efficiency and radiative
corrections
The simulation of the process e+e− → ηpi0γ includes ini-
tial state radiation (ISR). The detection efficiency for the
process under study is calculated as a function of two pa-
rameters,
√
s and normalized energy of the ISR photon,
x = 2Eγ/
√
s, and is parametrized as follows εr(s, x) =
ε(s)g(s, x), where ε(s) ≡ εr(s, 0). The function g(s, x)
weakly depends on
√
s and on the intermediate mecha-
nism of the process e+e− → ηpi0γ. Its dependence on x
is shown in Fig. 3. The shape of this dependence is de-
termined by two effects. The sharp decrease of the effi-
ciency at x corresponding to Eγ = 20–30 MeV is due to
the condition that an event contain exactly five photon.
This condition rejects events with the ISR photon emit-
ted at a large angle. Photons are reconstructed if their
energy deposition in the calorimeter exceeds 20 MeV. A
further decrease of the efficiency is due to the requirement
of energy-momentum balance in an event (χ25γ < 30).
x
0 0.05 0.1 0.15 0.2
g(s
,x)
0
0.2
0.4
0.6
0.8
1
1.05 - 1.20 GeV
1.92 - 2.00 GeV
Fig. 3. The detection efficiency for e+e− → ωη → ηpi0γ events
as a function of the normalized ISR photon energy for two
energy intervals.
The visible cross section of the process e+e− → ηpi0γ,
which is defined as σvis = N/L, where N is the number
of selected events of the process under study and L is the
integrated luminosity, is related to the Born cross section
σ(s) as follows:
σvis(s) =
xmax∫
0
εr(s, x)F (x, s)σ(s(1− x))dx, (13)
where F (x,E) is a so-called radiator function [13] de-
scribing the probability to emit extra photons with the
total energy x
√
s/2 from the initial state, and xmax =
1− (mη +mpi0)2/s. The formula (13) can be rewritten in
the conventional form:
σvis(s) = ε(s)σ(s)(1 + δ(s)), (14)
where δ(s) is the radiative correction.
Inaccuracy in simulation of the detector response for
photons leads to systematic uncertainty in the detection
efficiency determined using the simulation. To evaluate the
efficiency corrections associated with the selection criteria,
we change the boundaries of the conditions: on χ25γ from
30 to 60, in χ2ηpi0γ−χ25γ from 10 to 60, and on χ2pi0pi0γ−χ25γ
from 80 to 10, and remove the condition on χ23γ . The rel-
ative change in the e+e− → ωη cross section after loosen-
ing the selection condition is taken as a correction for the
detection efficiency, while the uncertainty of this correc-
tion is added to its systematic uncertainty. The total effi-
ciency correction due to these conditions is −(5.7±6.1)%.
The minus sign means that the efficiency in the data is
less than that in the simulation. The efficiency correction
for the condition Nγ = 5 is determined using five-photon
events of the process e+e− → ωpi0, the cross section for
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which can be measured with the condition Nγ ≥ 5, and
found to be −(0.4± 0.2)%.
In SND, photons converting into a e+e− pair in the
material before the drift chamber, produce a charged track.
Such events do not pass the selection criteria. Since the
process under study and the process used for normaliza-
tion contain different numbers of photons in the final state,
improper simulation of the photon conversion lead to a
shift in the measured cross section. The photon conver-
sion probability is measured using events of the process
e+e− → γγ. The corresponding efficiency correction is
found to be (−0.79 ± 0.02)%. Thus, the total correction
for the detection efficiency is (−6.9± 6.1)%.
The detection efficiency for the class rad-ηpiγ is calcu-
lated in the model (12) with the coefficients α = 0.22±0.21
and β = 0.00+0.08. The model uncertainty of the efficiency
is determined by varying the coefficients α and β within
their errors. It does not exceed 3%.
7 Fitting the measured cross sections
To calculate the radiative correction and determine the
Born cross section, the energy dependence of the visible
cross section is fitted by Eq. (13). The uncertainty on the
radiative correction is estimated by varying the fitted pa-
rameters within their errors. The energy dependence of
the Born cross section is parametrized by a sum of contri-
butions of two vector resonances: of the as follows
σ(s) =
12pi
s3/2
∣∣∣∣∣
√
BV ′
Pf (mV ′)
m
3/2
V ′ ΓV ′
DV ′
+
√
BV ′′
Pf (mV ′′)
m
3/2
V ′′ΓV ′′
DV ′′
eiϕ
∣∣∣∣∣
2
Pf (s), (15)
where mV and ΓV are mass and width of the resonance,
V (V = V ′ or V ′′), DV = s−m2V +i
√
s ΓV , BV = B(V →
e+e−)B(V → f) is the product of the branching fractions
of V to e+e− and to the final state f , Pf (s) is the phase-
space factor.
In the fit to the e+e− → ωη → ηpi0γ data, the first
term in Eq. (15) is assumed to be the contribution of the
ω(1420) resonance, while the second effectively describes
the contributions of two resonances, ω(1650) and φ(1680),
which have close masses. The phase-space factor is cal-
culated in the approximation of narrow ω meson width:
Pf (s) = q
3
ω(s), where qω(s) is the ω meson momentum in
the reaction e+e− → ωη. The phase ϕ between the first
and second terms is chosen equal to pi. The fit is performed
in two variants. In the first, the V ′ mass is fixed at the
Particle Data Group (PDG) value [20] m′V = 1420 MeV,
while ΓV ′ , mV ′′ , ΓV ′′ , BV ′ and BV ′′ are free parameters.
In the second, we follow the works [8,7] and fix also the
ω(1420) width at ΓV ′ = 220 MeV [20]. The fitted curves
are shown in Fig. 4. The obtained values of the fit param-
eters are listed in Table 1. They are in good agreement
with the results of the previous works [8,7].
The first variant of the fit has a better χ2. It is used
to calculate the radiative corrections. The obtained values
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Fig. 4. The energy dependence of the e+e− → ωη → ηpi0γ
Born cross section measured in this work (filled circles). For
comparison, the SND [8] (open circles), CMD-3 [7] (squares),
and BABAR [6] (triangles) measurements of the e+e− → ωη
cross section in the decay mode ω → pi+pi−pi0 are shown. These
data are multiplied by the branching fraction B(ω → pi0γ) [23].
The curves show the results of the fit described in the text.
of the radiative correction and the Born cross section are
listed in Table 2. In the first column of the table we list the
boundaries of the energy interval and the weighted average
energy, which is calculated as
∑
i
√
siσvis,iLi/
∑
i σvis,iLi,
where the sum is taken over the energy points entering
in the energy interval, and the visible cross section is cal-
culated using Eqs. (13) and (15) with the parameters ob-
tained in the fit. For the cross section, the statistical and
systematic errors are quoted.
The main sources of the systematic uncertainty are
listed in Table 3. A significant contribution to the sys-
tematic uncertainty arises from the interference of the
e+e− → ωη amplitude with e+e− → ρη amplitude. The
pi0γ mass distribution for the interference term has a peak
in the ω meson mass region. Therefore, in this analysis,
the interference will increase or decrease the number of
selected events of the process e+e− → ωη. The absolute
value of the amplitude of the process e+e− → ρη is ex-
tracted from the measured e+e− → pi+pi−pi0 cross sec-
tion [16], but the relative phase between the two ampli-
tudes is unknown. We calculated the total cross section for
the processes e+e− → ωη and e+e− → ρη with and with-
out interference. The maximum difference between the two
cross sections when varying the phase is taken as an es-
timate of the systematic uncertainty of the e+e− → ωη
cross section. In the energy range under study it varies
from 5 to 37%. The other sources of the systematic uncer-
tainty are discussed in the previous sections.
To describe the cross section for the class rad-ηpiγ,
we use a model with one vector resonance decaying into
a0(1420)γ. The energy dependence of the phase space is
calculated using a Monte-Carlo event generator for the
process e+e− → a0(1420)γ. The free parameters of the fit
to the e+e− → rad-ηpi0γ visible cross section aremV ′ , ΓV ′ ,
BV ′ . Their fitted values are listed in Table 1. The values of
the radiative corrections determined from the fit and the
values of the Born cross section for the process e+e− →
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Table 1. The parameters obtained in the fits to the e+e− → ωη and e+e− → rad-ηpiγ cross sections. BV = B(V → e+e−)B(V →
ωη) for ωη, and BV = B(V → e+e−)B(V → ηpiγ) for rad-ηpiγ. For the ωη final state the results for the two variants of the fit
are listed in comparison with the results of the SND [8] and CMD-3 [7] experiments obtained in the ω → pi+pi−pi0 decay mode.
ωη(1) ωη(2) SND(3pi) CMD(3pi) rad-ηpiγ
mV ′ , MeV ≡ 1420 ≡ 1420 ≡ 1420 ≡ 1420 1415± 52
ΓV ′ , MeV 440± 125 ≡ 220 ≡ 220 ≡ 220 247± 81
BV ′ × 108 2.5± 0.6 3.0± 0.6 2.1+1.0−0.8 3.2± 0.6 0.04± 0.02
mV ′′ , MeV 1698± 10 1694± 9 1673+6−7 1679± 5 —
ΓV ′′ , MeV 110± 16 94± 13 95± 11 121± 9 —
BV ′′ × 107 6.4± 0.9 5.4± 0.6 5.62+0.45−0.42 4.7± 0.3 —
χ2/n.d.f. 8.6/6 12.4/7 10.5/9 23/35 10.8/10
Table 2. The weighted average energy (
√
s) for the interval indicated in parentheses, integrated luminosity (L),
detection efficiency (εωη), number of selected events (Nωη), radiative correction (1 + δ), and Born cross section (σωη)
for the process e+e− → ωη → ηpi0γ. For the cross section, the first error is statistical, and the second is systematic.
√
s, GeV L, pb−1 εωη, % Nωη 1 + δ σωη, pb
1.38(1.32-1.41) 6.26 9.36 1.2+2.9−2.0 0.801 2.5
+6.2
−4.2 ± 1.4
1.45(1.41-1.49) 4.00 9.35 4.6+3.1−2.3 0.841 14.6
+9.9
−7.5 ± 3.1
1.53(1.49-1.59) 6.52 9.35 28.7 ± 6.2 0.857 55 ± 12 ± 8
1.60(1.59-1.64) 3.68 8.89 31.3 ± 7.0 0.852 112 ± 25 ± 12
1.68(1.64-1.70) 6.20 9.40 105.8 ± 11.5 0.856 212 ± 23 ± 18
1.73(1.70-1.75) 3.60 10.28 37.0 ± 6.9 0.964 104 ± 19 ± 10
1.78(1.75-1.80) 7.00 9.91 39.3 ± 7.3 1.153 49 ± 9 ± 7
1.83(1.80-1.84) 3.99 10.07 2.1+3.5−2.6 1.405 3.7
+8.7
−6.5 ± 0.9
1.87(1.84-1.88) 15.64 8.52 0.9+4.1−3.1 1.523 0.4
+3.1
−2.3 ± 0.2
1.89(1.88-1.92) 11.43 8.92 1.3+4.3−3.0 1.526 0.9
+4.2
−2.9 ± 0.4
1.96(1.92-2.00) 12.80 8.55 0.7+2.6−1.8 1.389 0.5
+2.4
−1.6 ± 0.2
Table 3. The main sources of the systematic uncertainty on the measured e+e− → ωη and e+e− → rad-ηpi0γ cross sections,
and the total e+e− → ηpi0γ cross section.
Source ωη(1.64-1.70 GeV) ωη(1.84-2.00 GeV) rad-ηpiγ ηpi0γ
Luminosity 2% 2% 2% 2%
Selection conditions 6% 6% 6% 6%
Determination of the number of signal events 2% 20-27% 4-35% 1-15%
Efficiency model dependence — — 2-3% 0.5-3%
Interference with the ρη final state 5% 24-37% — —
Radiative correction 1% 13-27% 1-3% 1-6%
Total 8% 40-50% 8-35% 6-18%
Table 4. The weighted average energy (
√
s) for the interval indicated in parentheses, integrated luminosity (L),
detection efficiency (εrad), number of selected events (Nrad) for the process e
+e− → rad-ηpi0γ, number of events from
the processes e+e− → ρη, φη, φpi (Nres), number of background events (Nbkg), radiative correction (1 + δ), and
Born cross section for the process e+e− → rad-ηpi0γ. For the cross section, the first error is statistical, the second is
systematic.
√
s, GeV L, pb−1 εrad, % Nrad Nres Nbkg 1 + δ σrad, pb
1.15(1.05-1.20) 4.86 5.68 2.0+2.6−2.0 0.0 ± 0.1 1.7 ± 1.1 0.871 8.3+10.7−8.2 ± 1.5
1.29(1.20-1.32) 8.53 7.19 0.0+3.1−1.8 0.0 ± 0.1 10.0 ± 2.1 0.863 0.0+5.8−3.4 ± 0.8
1.37(1.32-1.41) 6.26 7.72 11.1 ± 4.9 0.4 ± 0.1 5.0 ± 1.7 0.869 26.5 ± 11.6 ± 2.4
1.45(1.41-1.49) 4.00 8.39 4.7 ± 3.5 0.7 ± 0.1 4.7 ± 1.7 0.898 15.7 ± 11.6 ± 2.0
1.52(1.49-1.59) 6.52 8.98 8.4 ± 6.2 2.2 ± 0.3 9.8 ± 3.0 0.936 15.3 ± 11.4 ± 1.6
1.60(1.59-1.64) 3.68 8.81 9.7 ± 6.9 1.0 ± 0.2 8.0 ± 3.2 0.955 31.3 ± 22.2 ± 5.4
1.68(1.64-1.70) 6.20 9.82 11.8 ± 8.5 3.0 ± 0.3 12.0 ± 4.0 0.960 20.2 ± 14.6 ± 3.2
1.73(1.70-1.75) 3.60 10.98 7.1 ± 5.2 1.7 ± 0.2 3.5 ± 2.1 0.959 18.6 ± 13.6 ± 2.5
1.78(1.75-1.80) 7.00 10.68 -0.4 ± 5.9 2.2 ± 0.2 9.4 ± 3.3 0.953 -0.6 ± 8.3 ± 1.3
1.83(1.80-1.84) 3.99 10.90 5.1+4.5−3.6 1.1 ± 0.1 4.6 ± 1.8 0.954 12.2+10.7−8.7 ± 1.0
1.87(1.84-1.88) 15.64 9.31 26.6 ± 8.7 3.0 ± 0.3 14.2 ± 3.8 0.951 19.2 ± 6.3 ± 1.6
1.89(1.88-1.92) 11.43 9.80 10.9 ± 7.1 2.9 ± 0.2 15.9 ± 3.4 0.948 10.3 ± 6.7 ± 1.1
1.97(1.92-2.00) 12.80 9.53 1.8 ± 5.1 1.5 ± 0.2 10.5 ± 2.7 0.949 1.6 ± 4.4 ± 0.6
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Fig. 5. The measured Born cross section for the process
e+e− → rad-ηpi0γ (points with error bars). The curve is the
result of the fit described in the text.
2E, GeV
1 1.2 1.4 1.6 1.8 2
Cr
os
s 
se
ct
io
n,
 p
b
0
50
100
150
200
250
300
Total
ηω
FIT
Fig. 6. The measured total cross section for the process
e+e− → ηpi0γ (circle) and the cross section for the process
e+e− → ωη → ηpi0γ (squares). The curve is the result of the
fit described in the text.
rad-ηpiγ with statistical and systematic errors are listed in
Table 4. The main sources of systematic uncertainty are
listed in Table 3. The fitted Born cross section is shown
in Fig. 5. It is seen that events of the radiative processes
are distributed over a wide energy range, from 1.3 to 1.9
GeV.
The total visible cross section for the process e+e− →
ηpi0γ is calculated as
σvis =
1
L
(
Nωη +
εωη
εrad
Nrad +
εωη
εres
Nres
)
(16)
and then fitted by Eq. (13) with the efficiency obtained for
the process e+e− → ωη. The model for the Born cross sec-
tion used in the fit is a sum of the models for the e+e− →
ωη and e+e− → rad-ηpiγ cross section. The obtained val-
ues of the Born cross section are listed in Table 5 and
shown in Fig. 6 in comparison with the cross section for
the intermediate state ωη. The main sources of the system-
atic uncertainty on the cross section are listed in Table 3.
The total cross section for the process e+e− → ηpi0γ mea-
sured by the described method includes the contribution
from the interference of the e+e− → ωη and e+e− → ρη
amplitudes. Therefore, the model uncertainty associated
with the interference is absent.
8 Summary
In the experiment with the SND detector at the VEPP-
2000 collider the cross section for the process e+e− →
ηpi0γ has been measured for the first time in the energy
range from 1.05 to 2.00 GeV. The main contribution to the
cross section arises from the intermediate mechanism ωη.
The measured cross section for the subprocess e+e− →
ωη → ηpi0γ agrees well with previous measurements of
this cross section by SND and CMD-3 in the decay mode
ω → pi+pi−pi0. The significantly smaller contribution to
the e+e− → ηpi0γ cross section from other hadronic inter-
mediate states ρη, φη, φpi0, ωpi0, and ρpi0 has been calcu-
lated using existing data on their production cross section.
It has been found, with a significance of 5.8σ, that the
process e+e− → ηpi0γ is not completely described by the
hadronic intermediate states. We assume that the missing
contribution (rad-ηpiγ) arises from radiation processes, for
example, e+e− → a0(980)γ, a0(1450)γ, and a2(1270)γ.
The cross section for the process e+e− → rad-ηpi0γ has
been measured. It is 15–20 pb in a wide energy range, from
1.3 to 1.9 GeV. The spectrum of ηpi0 invariant masses for
the events rad-ηpiγ is consistent with the dominance of the
intermediate mechanism a0(1450)γ.
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Table 5. Weighted average energy (
√
s) for the interval indicated in parentheses, and the total e+e− → ηpi0γ cross
section (σηpiγ). For the cross section, the first error is statistical, the second is systematic.
√
s, GeV σηpiγ , pb
√
s, GeV σηpiγ , pb
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1.53(1.49-1.59) 75± 15± 5 1.89(1.88-1.92) 12.5± 5.8± 1.3
1.60(1.59-1.64) 151± 31± 11 1.96(1.92-2.00) 3.3± 4.1± 0.6
1.68(1.64-1.70) 235± 24± 15
